Congenital heart disease PLIC Posterior limb of the internal capsule WMI White matter injury AIM To assess the impact of perioperative neonatal brain injury and brain volumes on neurodevelopment throughout school-age children with critical congenital heart disease (CHD).
INTERPRETATION Our findings provide evidence of unfavourable outcome in school-age children with critical CHD who acquire perioperative neonatal brain injury.
The survival of children with the most critical forms of congenital heart disease (CHD) requiring neonatal openheart surgery has increased enormously over the last few decades. 1 However, survivors of early-life cardiac surgery continue to show neurodevelopmental deficits. 2 This is reason for concern, as motor and neuropsychological problems can significantly reduce quality of life. 3 Numerous studies in neonates requiring cardiac surgery have reported a high prevalence of neonatal white matter injury (WMI), grey matter focal infarctions, and other types of brain injury, before and after the surgical procedure. [4] [5] [6] [7] Postnatal haemodynamic fluctuations, respiratory problems, major cardiac surgery with use of cardiopulmonary bypass and postoperative (circulatory) complications all contribute to the onset of acquired brain injury in the vulnerable newborn. [5] [6] [7] Additionally, reductions in brain volumetric growth, cortical folding, and microstructural white matter maturation are well recognized in this high-risk population. 7, 8 In fetuses and neonates with critical CHD, chronically decreased oxygen and nutrient delivery disturbs optimal cerebral development, resulting in slower brain growth with delayed maturation when compared with healthy controls. 9, 10 Little information is available on the long-term effect of neonatal brain injury and delayed brain development in survivors of neonatal cardiac surgery. However, this knowledge is of important prognostic value in the clinical management of children with CHD.
Here, we investigated pre-and postoperative neonatal brain injury using magnetic resonance imaging (MRI) in terms of WMI and (cortical or deep) grey matter focal infarctions, in relation to motor, cognitive, and behavioural outcome up until school-age in children with critical CHD. As a secondary objective, we examined the association of neonatal brain volumes and cortical measures with neurodevelopment. We hypothesized that children with neonatal brain injury would show poorer neurodevelopmental outcome than children without brain injury. We also postulated that increased neonatal brain volumes and cortical measures would be associated with improved neurodevelopment.
METHOD Participants
The study population consisted of a cohort of 34 children with an aortic arch obstruction requiring neonatal single ventricle or biventricular repair with cardiopulmonary bypass that were part of a randomized controlled trial performed between 2009 and 2011 in the Wilhelmina Children's Hospital, Utrecht, the Netherlands. Details of inclusion and exclusion criteria can be found in the paper by Algra et al. 4 The original study population consisted of 37 patients, three of whom died in or shortly after the neonatal period. Ethical approval was given and parental informed consent was obtained.
MRI protocol and brain injury review
All children underwent MRI of the brain before (preoperative MRI, on the day or morning before surgery) and after neonatal cardiac surgery (postoperative MRI, within 10d of surgery) on a 1.5-Tesla MRI (Philips Medical Systems, Best, the Netherlands). Details of the scanning protocol and MRI settings are given in the report by Algra et al. 4 All magnetic resonance images were analysed qualitatively by two experienced neuroneonatologists (LSdV, FG.) for the presence of WMI and grey matter focal infarction(s). WMI was classified as no, mild, moderate, or severe, which is depicted in more detail in Figure S1 (online supporting information). 6 Two WMI subgroups were compared: no-mild WMI and moderate-severe WMI. Grey matter focal infarction was defined as an infarction of the cortical grey matter and/or deep grey matter (basal ganglia and/or thalamus). In case of moderate-severe WMI or deep grey matter focal infarction, involvement of the posterior limb of the internal capsule (PLIC) was reviewed. Figure S2 (online supporting information) shows the measured brain volumes. Details on calculation of brain volumes and cortical folding can be found in Appendix S2 (online supporting information).
Outcome assessment
Two-year follow-up was completed by 32 children; two parents refused 2-year follow-up (but did attend 6-y follow-up). Children were assessed using the Dutch Bayley Scales of Infant and Toddler Development, Third Edition. Six-year follow-up was completed in 30 children; one child died and three children did not attend the second followup (but did attend 2-y follow-up). 
Statistical analysis
Statistical analyses were performed using SPSS Statistics version 21.0 (IBM, Armonk, NY, USA). The independent t-test or Wilcoxon rank sum test (depending on normality of distribution and homogeneity of variance) was used to explore the uncorrected difference (with 95% confidence interval [CI] ) in neurodevelopmental parameters between children with and without moderate-severe WMI. A general linear model including maternal education level (covariate) was used to calculate the corrected difference (with 95% CI) in outcome parameter (dependent variable) between children with and without moderate-severe WMI (independent variable). Fisher's exact test was used to analyse whether there was a relationship between PLIC involvement and motor problems. It was not possible to calculate adjusted odds ratios, because of the low event rate. 11 Brain volumes and cortical measures were normally distributed and corrected for postmenstrual age at time of scan. To test the uncorrected difference (with 95% CI) in brain volumes and cortical measures between children with an IQ less than 85 and children with an IQ of 85 or above, an independent t-test was performed. Again, it was not possible to calculate adjusted odds ratios, because of the low event rate. 11 Linear regression analysis was performed to analyse the association between neonatal brain volumes and cortical measures (independent variable) and neurodevelopmental outcome scores (dependent variable). Number of postneonatal hospital admissions and cardiac surgeries (until the age of 6y) did not show a relationship with
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• This study provides evidence for worse outcomes in neonates acquiring brain injury around cardiac surgery. neonatal brain injury, neonatal brain volumes, or neurodevelopmental outcome parameters, and these variables were therefore not included in the analyses. Significance was determined as p<0.05.
RESULTS
Demographic and medical characteristics of the 34 included children are provided in Table I . Mean age at first follow-up was 24 months (SD 0.7) and mean age at second follow-up was 5 years and 11 months (SD 0.3). Preoperative neonatal MRI was performed at a mean of 10 days (SD 6) after birth, with a mean postmenstrual age of 40 weeks and 4 days (SD 1.6). Postoperative MRI was performed at mean 8 days (SD 4) after surgery, with a mean postmenstrual age of 41 weeks and 6 days (SD 1.7).
Mean composite cognitive score at 2 years was 102 (SD 17) and mean composite motor score was 101 (SD 11). At 6 years, mean Full-scale IQ was 94 (SD 17), mean verbal IQ was 98 (SD 17), mean performance IQ was 97 (SD 18), and mean processing speed was 85 (SD 13). On average, the children scored on the 20th (SD 21st) centile for total motor score at 6 years. Regarding behavioural outcome, mean parent-reported total problem score was 49 (SD 12) and mean teacher-reported problem score was 50 (SD 9) at 6 years. A below-average Full-scale IQ (<85) at the age of 6 years was seen in nine children, average Full-scale IQ (85-115) in 18, and above-average Full-scale IQ (>115) in three. Two children received special education at the age of 6 years and both of these children had an IQ of less than 85. No differences in neurodevelopmental outcome were seen between neonates with single-ventricle or biventricular pathology (data not shown). Similarly, no associations were seen between motor, cognitive, or behavioural parameters and number of intensive care admissions or cardiac surgeries after the neonatal period (data not shown).
Neonatal brain injury in relation to cognitive and behavioural outcome
On the preoperative MRI, moderate-severe WMI was seen in 12 children. At postoperative MRI, moderate-severe WMI was seen in 21 children. All children with preoperative moderate-severe WMI showed new moderate-severe WMI at postoperative MRI. Lower cognitive composite score (À11 points) at 2 years and lower Full-scale IQ (À14 points, all p<0.05, two-tailed) at 6 years were seen for children with neonatal moderate-severe WMI (Table II) . Moderate-severe WMI was associated with higher teacher report of attention problems (+6 points, p=0.03) at 6 years.
No differences in cognitive or behavioural scores were seen between children with and without preoperative or postoperative neonatal (cortical or deep) grey matter focal infarction(s) (n=9, data not shown).
Neonatal brain injury and motor outcome
Motor problems at the age of 6 years were seen in 12 children. Three children had cerebral palsy (two in GMFCS level I and one in GMFCS level II-III): one had postoperative middle cerebral artery stroke, one preoperative and new postoperative severe bilateral WMI, and one postoperative severe bilateral WMI and a focal infarction in the right thalamus. All children with cerebral palsy received physical therapy from early infancy onwards. Nine children scored at or below the fifth centile of the Dutch Movement Assessment Battery for Children, Second Edition at 6-year motor assessment. No differences in number of postneonatal cardiac surgeries or hospital admissions were seen between children with and without motor problems at the age of 6 years (classified as cerebral palsy or Dutch Movement Assessment Battery for Children, Second Edition motor score below the fifth centile).
Moderate-severe WMI was as frequent in children with motor problems (nine of 12 had WMI) as in children without motor problems (10 of 18 had WMI) at the age of 6 years. Motor problems were not more frequent in children with neonatal (cortical or deep) grey matter focal infarction (three of eight had motor problems) than in children without grey matter focal infarction (nine of 22 had motor problems). No significant differences in absolute motor scores at 2 or 6 years were seen between children with and without neonatal moderate-severe WMI (Table II) .
Six children had neonatal brain injury (moderate-severe WMI or deep grey matter focal infarction) with involvement of the PLIC, of which five showed motor problems (vs seven of 24 children without PLIC involvement, odds ratio 12.1, 95% CI 1.2-123.6). Children with PLIC injury showed lower motor scores at both 2 and 6 years Data are n, unless otherwise stated. This study population has been described previously in Algra et al. 4 IQR, interquartile range; WMI, white matter injury. (Table III) . All three children with cerebral palsy showed PLIC involvement on their neonatal MRI scan.
Neonatal brain volumes, cortical measures, and neurodevelopmental outcome
No differences in postoperative brain volumes or cortical measures between children with and without moderatesevere WMI were seen, nor between children with and without (cortical or deep) grey matter focal infarction(s) (data not shown).
Children with a below-average IQ (<85) showed smaller neonatal brain volumes and decreased cortical measures at postoperative time point compared with children with an average or above average IQ (≥85), which was significant for basal ganglia and thalamus and brainstem (all p<0.05). Differences in brain volumes between IQ groups are presented in Table IV. Additional results can be found in Appendix S3 (online supporting information).
DISCUSSION
This study highlights the impact of neonatal brain injury and reduced brain growth on long-term motor, cognitive, and behavioural functioning in children with critical CHD. Lower cognition and higher teacherreported attention problems were seen in children who acquired moderate-severe WMI before or after neonatal open-heart surgery for CHD than in those without WMI. Involvement of the PLIC was associated with motor problems at 2 and 6 years of age. Also, children with a below-average Full-scale IQ showed almost 10% smaller neonatal brain volumes, especially of basal ganglia and thalamus and brainstem, compared with children with an average or above average IQ. Comparison of neurodevelopmental outcome parameters (dependent variables) between children with and without moderate-severe neonatal WMI (independent variable). Median (25th-75th centiles) is shown for both groups. Mean uncorrected and corrected (for maternal educational level) differences are shown. Two-year outcome of this cohort has been published, in part, in Algra et al. 25 IQR, interquartile range; CI, confidence interval.
Over the last few decades high incidences of WMI in neonates with critical CHD have been reported. 5, 6 WMI is associated with poor neurodevelopmental outcome in neonates born preterm; 12 however, the impact of WMI on childhood outcomes in children with CHD is, as yet, unreported. In this follow-up study in children with critical CHD, we confirmed our hypothesis that presence of neonatal WMI also in this population, is related to a lower IQ at the age of 6 years.
As we described in a recent review, 13 incidences of neonatal WMI in CHD populations vary between centres. The percentage of children showing neonatal WMI in the present study (35% preoperatively, 62% postoperatively) is in the upper part of the range of previously published incidences. Differences in perioperative management, surgical procedures, and imaging strategies between paediatric cardiac hospitals decrease the generalizability of neuroimaging and follow-up studies. In the present study, all children were scanned with small slice thickness (identifying even small white matter lesions) and under sedation (limiting movement artifacts and improving WMI detection rate). As our centre is able to perform MRI in ventilated neonates we are able to scan the sickest children with more respiratory and circulatory instability, which might increase the reporting of WMI. Furthermore, WMI definitions vary between centres. 13, 14 To interpret incidences of neonatal brain injury and neurodevelopmental impairments, it is important to compare intensive care, surgical, imaging, and follow-up protocols between centres.
The average IQ score in our cohort of children with CHD was lower than normative means, which is also known from other follow-up studies. 3, 15 However, children with CHD and neonatal WMI show an additional decline in IQ of more than 10 points when compared with their peers without neonatal WMI. In our study, lower cognitive scores were already present at 2 years, in those with neonatal WMI. This confirms the findings of a previous study showing poorer cognitive outcomes at the age of 12 months in neonates with acquired brain injury around neonatal cardiac surgery. 16 Other outcome studies have shown high rates of attention problems and hyperactivity in children with critical CHD. 17, 18 We confirmed our hypothesis that the presence of acquired WMI might be an important underlying factor of attention problems in survivors of neonatal cardiac surgery. It should be noted that attention problems could become clearer at an older age when societal demands on children increase and more elaborate testing methods can be performed. Therefore, close monitoring of children with CHD throughout adolescence and into adulthood is warranted.
WMI is associated with periods of acute brain hypoperfusion, as neonatal autoregulatory mechanisms are still immature and lack the ability to cope with haemodynamic fluctuations. 19 We hypothesize that neonatal WMI might be a sign of overall affected white matter, and might not be seen as a static lesion. Neonates with more immature and vulnerable white matter state might be at higher risk of developing ischaemic white matter lesions in case of brain hypoperfusion. This could suggest that overall white matter damage leads to impaired neurodevelopment rather than the visible white matter lesions itself. This may also explain why grey focal infarctions did not show a relationship with neurodevelopmental outcome, as it is less likely that thrombo-embolic incidents are related to overall brain immaturity.
Motor performance at the age of 6 years was generally below the normative mean in this population of children with CHD, which is in line with previous follow-up studies in children with CHD. 15 In this study, almost all children Comparison of motor outcome parameters between children with and without neonatal PLIC injury. Median (25th-75th centiles) is shown for both groups. Mean uncorrected differences are shown. Six-year motor scores were only available in three children with PLIC injury because motor tests could not be performed in children with cerebral palsy. Two-year outcome of this cohort has been published, in part, in Algra et al. 25 CI, confidence interval. 13, 21 In our study, children with below-average Full-scale IQ at the age of 6 years had smaller brain volumes as a neonate, especially of basal ganglia and thalamus and brainstem. This study cannot conclude whether smaller brain volumes were based on delayed (fetal) brain development or postnatal brain volume loss.
MRI studies in adolescents with CHD have shown an association between decreased brain volumes and lower Full-scale IQ and executive functioning. 22, 23 Repeating an MRI of the brain at school-age and in adolescence could confirm whether reductions in neonatal brain volumes persist and affect neuropsychological functioning at that age, including development of psychiatric problems, which is known to have a higher prevalence in CHD populations. 17, 24 To the best of our knowledge, this study is the first to extensively report the relationship between perioperative neonatal brain abnormalities on MRI and neurodevelopment at school-age in children with critical CHD. The impact of neonatal brain injury and reduced brain growth on long-term outcome is important for parent counselling and clinical management of children undergoing high-risk neonatal cardiac surgery. However, this study also has some limitations. Firstly, the small sample size limits the statistical power of this study, and subgroup analysis of the different cardiac defects was not feasible (apart from single ventricle vs biventricular repair). Owing to the small sample size, our study carries the risk of type 2 errors, potentially missing several associations between neonatal brain MRI, clinical variables, and long-term neurodevelopment. Secondly, no control participants were included in this study. In the Netherlands, to date, MRI is not permitted in healthy neonates and infants. As mentioned earlier, incidences of neonatal WMI in CHD populations vary between centres. Our study population showed a relatively high incidence of WMI versus other studies. Differences in scanning protocol (slice thickness, sedation), patient inclusion (e.g. performing MRI in ventilated neonates), timing of MRI (pseudo-normalization of WMI takes place after the incident), and WMI definition are likely to influence the reported incidence of WMI. Differences in perioperative management, surgical procedures, imaging strategies, and follow-up between paediatric cardiac centres decrease the generalizability of neuroimaging and follow-up studies. Therefore, (international) collaborations between paediatric cardiac centres are important.
In conclusion, we showed lower cognitive scores and higher teacher-reported attention problems in school-aged children with critical CHD, who had WMI on their neonatal MRI scan. Involvement of the PLIC was associated with motor problems. In addition, children with a below-average Full-scale IQ showed smaller neonatal brain volumes, especially of basal ganglia and thalamus and brainstem.
